Within a non-adiabatic dynamical method, we simulate charged polaron motion and dissociation in an organic molecule in the presence of dissipation. The dissipation, represented by damping, is introduced to investigate the influence of temperature on the mobility of carriers. We find that the velocity of the polaron has an inversely linear dependence on the damping, and hence the relationship between mobility and temperature is a power law, which is in agreement with the corresponding experiments. We also find that the velocity of the polaron exhibits a continuous dependence on the electric field in the presence of dissipation. In addition, we find that, in the presence of dissipation, the critical field that dissociates a polaron is reduced.
Introduction
The temperature dependent charge carrier transport in organic semiconductors has recently been extensively studied [1] [2] [3] [4] [5] [6] . It is experimentally evident that there is an abnormal region of temperature in which the mobility of charge carriers decreases with increasing temperature. This phenomenon was found to be related to the combined coherent and incoherent motion of carriers induced by the dynamical disorder in organic molecules [7] .
The commonly used HolsteinPeierls model [7, 8] was applied to simulate the inter-and intra-molecular dynamics in a unified theoretical framework. However, this model cannot describe the detailed mechanism in a single molecule, while a very recent experiment [4] on the initial transport of carriers showed that the microstructure of the molecules played a very important role in the temperature assisted carrier's motion. Hence, studying the dynamics of charge carriers in a single organic molecule could provide more information about these issues.
In organic semiconductor physics, the most powerful model to describe the intra-molecular dynamics is the socalled Su-Schrieffer-Heeger (SSH) model [9, 10] , which could be applied to study the transport of charge carriers, such as solitons and polarons, in light-emitting and charge- 3 Author to whom any correspondence should be addressed. transporting layers. These carriers are induced by the selftrapping effect triggered by free electrons or/and holes inserted into strong electron-phonon (e-p) coupling surroundings, and the whole process is a superfast process generally fulfilled within several tens of femtoseconds. After that, the charge and the deformational surroundings will move as an entity due to the strong e-p interaction. There have been many studies on the dynamics of these charge carriers. It was shown that solitons and polarons keep their shape while moving in the molecules under an applied electric field [11, 12] . Solitons are shown to have a maximum velocity about three times the velocity of sound. In addition, the saturation velocity of the soliton is independent of electric field strength [11] . In contrast, polaron motion is closely dependent on the field strength. Within an adiabatic dynamics, Rakhmanova and Conwell [13] showed that polarons are not created for electric field strengths above 0.6 mVÅ −1 and an already formed polaron will be dissociated above 10 mVÅ −1 . However, in the non-adiabatic simulations, Johansson and Stafström [14] came to the conclusion that above 3 mVÅ −1 , the polaron becomes totally delocalized, either before or after intermolecular hopping. The polaron velocities undergo a step-like transition from sonic to supersonic around a field strength of 0.14 mVÅ −1 [15] .
Charge transport and polaron dynamics have also been studied in metal/organic/metal systems [12, 16] .
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However, in the above studies, the influence of temperature, which is actually a complicated issue, has never been considered. Normally, the moved charge carriers in organic materials are correlated to an environment with dynamical disorder, which includes various phonon modes. Within the framework of the SSH model, in which the phonon modes are treated classically, Maki [17] studied the temperature dependence of soliton diffusion. He found that, at room temperature, optical phonons dominate, while at lower temperatures, acoustic phonons win out. This allows us to simplify the problem, since we can relate the temperature effect to a damping effect on the lattice vibration induced by the diffusion process in the region in which acoustic phonons dominate. As the mean scatter time of carriers has been estimated by experiment to be of the order of about 100 fs [18] , we can then extract from it the typical value of damping in these materials and study the damping effect on the whole carrier-transporting and light-emitting process in the highmobility organic molecules that do not feature a variable-range hopping transport mechanism, which could finally provide useful information on understanding the abnormal temperature dependence [1] .
This paper is organized as follows. In section 2, we present the non-adiabatic dynamical evolution method with the SSH model to treat the motion of charged polarons under the influence of damping. We discuss the critical damping constant for overdamping and underdamping cases. In section 3 we investigate the field dependence of polaron velocity in the presence of damping, followed by a study of the damping effect on polaron dissociation. A summary is given in section 4.
Model and method
We consider a one-dimensional (1D) cycle chain to avoid the restriction of finite length on the study of charged polaron motion. The Hamiltonian for this lattice will be chosen as the SSH model [9] , in which each site of the lattice is treated as a C-H unit. Of course, when one wants to discuss the dynamics among small organic molecules, the site in the lattice could be found to be a molecule [7] . Hence, the Hamiltonian of this model consists of two parts
The electronic part is
where c † j,σ (c j,σ ) creates (annihilates) a π-electron with spin σ on the j th site. u j represents the displacement of the j th site. t 0 is the hopping integral and α is the electron-lattice coupling constant. A(t) represents the time dependent vector potential, which has a relationship with the electric field E(t) as E(t) = −(1/c)∂ A(t)/∂t. The parameter γ is defined as γ = ea/hc, where e is the absolute value of electronic charge, a the lattice constant, and c the light speed. In our calculations, the electric field is smoothly switched on to avoid abrupt motion of the polaron. We assume the field to take the following form
where t c = 75 fs, t w = 25 fs. t off denotes the delay of the field. The lattice Hamiltonian is described as
where K is the elastic constant originating from the σ -bonds between carbon atoms and M the mass of a site.
In the following, we use a non-adiabatic dynamical method to study the polaron motion in this lattice [12] . The basic idea of this method is as follows. Firstly, we prepare a ground state of the system (E = 0) with half-filled band structure, which is actually a dimerization state due to Peierls instability theory [10] . Secondly, a charged polaron will be induced on this lattice by adding an additional electron to the system, i.e. by changing the configuration of occupied levels as discussed below. Finally, we switch on the electric field and make the polaron move. To evaluate this dynamical process, the electron part of the system will evolve following Schrödinger's equation and the lattice site follows a Newtonian equation. This briefly describes the method we will use.
In detail, the corresponding bond configuration and the electronic structure of the ground state can be obtained by solving the following self-consistent equations of the bond configuration {u j } and the electronic wavefunctions {φ μ ( j )}:
where μ is the eigenvalue of the μth energy level of the electronic Hamiltonian H e with the vector potential being assigned to zero. ρ j, j +1 is defined as
where the summation runs over all occupied levels. Once the initial lattice configuration {u j } and the electronic wavefunctions {φ μ ( j )} are determined, the temporal evolution of the lattice configuration can be obtained by solving the Newtonian equations for the molecular displacements
where η is the damping coefficient, which is equivalent to the diffusion constant, and the density matrix ρ is defined as Wherein, f k , being 0, 1, or 2, is the time independent distribution function and is determined by the initial electron occupation. The electronic wavefunctions ψ j,k (t) are solutions to the time dependent Schrödinger equations
The coupled equations (7) and (9) are solved with the eighthorder Runge-Kutta method [20] .
As an example, the parameters in our calculations will be chosen as t 0 = 2.5 eV, K = 21.0 eVÅ −2 , α = 4.1 eVÅ −1 , a = 1.22Å, M = 1349.14 eV fs 2Å −2 . The frequency of the bare optical phonon is ω Q = √ 4K /M = 0.25 fs −1 ,and the sound velocity is defined as V S = ω Q a/2 = 0.153Å fs −1 . These parameters were originally from the calculations in polyacetylene [9] , but obviously we can change them for specific material, including small molecules and polymers, if necessary. The conclusion in this work will not be affected qualitatively.
It is worth noting that the temperature will be included in the present theoretical framework only via the damping coefficient η. In normal organic materials, the mean scattering time of carriers at room temperature is of the order about 100 fs [18] , so the typical damping coefficient should be about η = 10 −2 fs −1 = 0.04ω Q at room temperature. To be more intuitive about this relationship, we first give a phenomenological picture between η and ω Q . In figure 1 , we show the temporal evolution of a breather, which is obtained from the continuous version of the SSH model [21, 22] . The ordinate is defined as y n = u n+1 − u n and u n = (−1)
, where u 0 is the dimerization magnitude and δ j = √ 6 sech( √ 12 j a/ξ 0 ) − 2 sech 2 ( √ 12 j a/ξ 0 ) with ξ 0 = t 0 a/αu0 and T = 40.8 fs, = 0.17 [23] . It is found that, η = 2ω Q is the critical point, below which, i.e. η < 2ω Q , is the underdamping region and beyond which, i.e. η > 2ω Q , is the overdamping region. Hence, the damping coefficient will always be for the underdamping case in normal materials.
Results

Polaron motion
In this section, we study the motion of a polaron in the presence of both electric field and damping. We consider a dimerized cycle lattice with 300 sites in total. An additional electron is inserted into the lowest unoccupied molecular orbit (LUMO). It is well known that the electron will induce lattice deformation and give rise to a polaron [19] . We use this resultant polaron configuration as the initial geometry in our simulations and study its drift in the presence of an electric field. To describe the lattice configuration evolution, we use the following definition for the optical order parameter:
The optimized charge density is defined as
where ρ j = ρ j, j − 1.
To investigate polaron motions, we calculate the charge center X C of the polaron as [11] 
if cos θ n 0 and sin θ n 0;
where θ = arctan sin θ n cos θ n , and the average of sin θ n and cos θ n are defined as
where θ n = 2π n/N. From the definition of polaron center, we numerically obtain the velocity of the polaron by calculating the differential of X C every 2 fs.
First, we consider the case of t off = infinite, which means the field is always on. In figure 2(a) , we present the lattice configuration at t = 400 fs with various η. In all the cases, the field is set to 2 mVÅ −1 . As is expected, the lattice deformation is reduced by damping. It is also shown that when η is strong enough (η = 0.13ω Q ), the breather-like vibrating tail is suppressed whereas the polaron survives. This indicates that the breather-like tail is a background noise that is excited by the extra energy released from the moving polaron rather than a stable excitation. In figure 2(b) , we show the time dependence of the center of the drifting polaron. It is clearly shown that the velocity of the polaron is essentially reduced with damping. However, polarons drift at a constant velocity for all η. Now we study the influence of the most important factor, i.e. the damping coefficient. Figure 3 presents the damping dependence of the saturation velocity of the polaron. For a fixed electric field 2 mVÅ −1 , the saturated velocity is inversely proportional to η. This phenomenon is not hard to understand, since electrons are pushed forward by the field and the electrons distort the lattice around them on the way, but the presence of damping inclines to reduce the lattice deformation. As a result, polaron velocities are reduced inversely with η. It has been found that the damping has the relationship with temperature as T 1/2 [17] . As we find here an inversely linear behavior between the velocity of carriers and η, it is directly concluded that the mobility decreases following increasing temperature with a power law relation T −1/2 between them as shown in the inset of figure 3 [24] , which is qualitatively consistent with the recent experimental observation [6] . This also verifies that the abnormal region of temperature dependent mobility indeed relates to the dynamics in a single molecule [4] .
Then we come to the competition between electric field and damping. It has been pointed out [15] that in the small range of a field of less than 0.14 mVÅ −1 , polaron motion undergoes a step-like change in velocity. It is interpreted as resulting from the acoustic deformation of the polaron. As the field is small enough, the electron is weakly accelerated and thus has a small velocity. Due to the compression of the acoustic deformation, the electron actually exhibits an oscillating motion within the expansion range of the deformation. However, as the field is large enough, the electron acquires adequate energy to escape from the trap from the acoustic deformation, and thus results in a steplike change in saturated velocity. However, the case will be different if damping is present. In figure 4 we show electric field dependent saturated velocity of the polaron for three different η. The triangles are for the zero damping case, which presents a clear step behavior in the change of polaron velocity in agreement with the result [15] . However, as a small amount of damping is introduced as described by the circles, the step behavior of polaron velocity disappears, which demonstrates that the potential trap for the electron from the acoustic compression is suppressed by the damping. It actually implies that this type of acoustic deformation is intrinsically background noise instead of intrinsic accompaniment of the polaron. For even larger damping, as shown by stars, the saturation velocity of the polaron almost has a linear response to the electric field.
Polaron dissociation
It is well known that polarons are a kind of complicated entity containing not only the charge but also the potential well originating from the lattice deformation. Thus the motion of a polaron in response to an electric field essentially is divided into two phases. In the first phase, the charge instead of the lattice shows response to the field because of the relatively small mass of the charge. In the second phase, the charge polarizes the lattice before it forges further ahead. As a result, the deformation of the lattice seems to be altered by the charge and the electric field provides energy for charge motion as well as for lattice deformation. Once the charge is free from the binding of the deformation potential, it becomes delocalized and exhibits a band-like behavior. To see more clearly the localization property of the charge with time, we define a quantity as ρ 2 = j ρ 2 j . As the charge is closely bound within the deformation potential, ρ 2 is large. However, as the charge is separated from the potential and becomes delocalized, ρ 2 will be very small. Figure 5(a) gives the evolution of lattice configurations under an electric field of 3 mVÅ −1 . It is clear that at t = 700 fs, the electron is well dressed by the lattice deformation. After which, however, the electron starts to separate from the deformation potential. This charge-deformation separation process can also be recognized by the evolution of charge distribution in figure 5(b) . A clearer illustration of the separation process is shown by the inset of figure 5 . We can see that ρ 2 goes down gradually and remains at a small value after t D = 750 fs, which is defined as the lifetime of the polaron. After t D , the electron moves freely while the lattice vibrates irregularly.
It has already been pointed out that under a large field above 3 mVÅ −1 , polarons become totally delocalized [14] .
In figure 5 , we have shown that in the presence of a small damping, the field of 3 mVÅ −1 also dissociates the formed polaron. To see clearly the effect of damping on the dissociation of polarons, an η dependence of the quantity t D for an electric field of 2 mVÅ −1 is given in figure 6 . It is shown that the presence of damping reduces the critic field that dissociates the polaron. As analyzed in the above, the essence of polaron dissociation is equivalent to the charge-deformation separation process in which the lattice deformation cannot follow up the motion of the accelerated electron. The presence of damping is inclined to prevent the lattice from being polarized. That is, damping makes the lattice response to the electronic polarization slower. Thus, the lattice cannot deform in time to form a deep enough potential well to bind the electron. As a result, a smaller field (2 mVÅ −1 ) is enough to dissociate the polaron.
Finally, we present a brief discussion of the connection between the temperature effect and our calculations. In section 3.1, we have found a power law between temperature and mobility, which is consistent with an abnormal region of temperature dependent mobility [1] , while in this subsection, the lifetime of polarons has been shown to be exponential with damping, which could be roughly considered to correspond to the normal case in which the mobility increases with increasing temperature. These results combined can interpret the whole behavior of the temperature related carrier dynamics in organic molecules. Nevertheless, more careful work is also needed in the future.
Summary
We have simulated polaron motion and polaron dissociation processes under fields in the presence of dissipations. We show that the velocity of carriers is inversely proportional to the damping, which in our discussion means the relation between mobility and temperature is a power law. Meanwhile, we find damping suppresses the step-like behavior of the velocity of the polaron with respect to electric fields. The saturation velocity shows a linear relationship with damping as well. We also show that, in the presence of dissipation, the threshold field that dissociates a polaron is reduced.
